Capping effect of GaAsSb and InGaAsSb on the structural and optical properties of type II GaSb/GaAs quantum dots We systematically study the influence of group V intermixing on the structural and optical properties of type II GaSb/GaAs quantum dots (QDs) capped by selected capping layers. Compared to GaSb QDs capped directly by a GaAs layer, we observe a strong enhancement of photoluminescence (PL) intensity and a significant red-shift of the photoluminescence peak energy to 1.35 lm at 300 K by the introduction of a GaAsSb capping layer. In addition, Z-contrast cross sectional transmission electron microscopy shows Sb segregation and group V mixing is greatly suppressed by GaAsSb or InGaAsSb capping layers. The new capping layers offers the possibility of controlling optical properties of type II GaSb/GaAs quantum dots and this opens up new means for achieving high efficient GaSb/GaAs quantum dot solar cell. 10 Since this discovery, numerous scientific studies of capping layer effects on the optical and electronic properties of InAs/GaAs QDs have been carried out. These studies demonstrated significant improvement in the optical and electronic properties of InAs QDs, which in turn brought about higher device performance, e.g., low threshold InAs QD lasers and superluminescent Light Emitting Diodes (LEDs). Both theory and experiments have proved that the higher device performance was a result of the suppression of In-Ga atoms intermixing at the interface, as well as strain reduction. [11] [12] [13] Unlike InAs/GaAs QDs, strong group V (AsSb) intermixing occurs at the interface of GaSb/GaAs QDs when capping by conventional GaAs. The capping of GaSb QDs by GaAs also introduces compressive strain on the GaSb QDs because of the 7.8% lattice mismatch. To date, there are very few experimental studies on group V intermixing in GaSb/GaAs type II QDs, and the effects of different capping materials on the optical and electronic properties have not yet been studied. This study is very important for understanding the underlying physics and potential applications of GaSb/GaAs type II QDs, such as high efficient QD solar cell.
In this Letter, the effects of GaAsSb and InGaAsSb capping layers on the structural and optical properties of selfassembled GaSb/GaAs QDs are systematically investigated using photoluminescence (PL) and Z-contrast cross sectional transmission electron microscopy (TEM). In comparison to conventional GaSb QDs capped by GaAs, a significant redshift and enhanced PL intensity are observed when capped by GaAsSb or InGaAsSb layers. Our findings demonstrate a strongly enhanced 1.35 lm emission from GaSb QDs at room temperature (RT) in the presence of a GaAsSb capping layer. The Z-contrast TEM images reveal Sb distribution and the influence of group V intermixing on the optical properties of buried GaSb QDs.
The samples are grown by solid source molecular beam epitaxy (MBE) on semi-insulating GaAs (100) substrates. After native oxide desorption at 580 C, a GaAs/AlAs buffer layer is grown at a substrate temperature of 580 C. The temperature is then lowered to 470 C and the As shutter is closed before initiating GaSb QD growth. GaSb QDs are grown at 0.08 ML/s with an Sb 2 pressure of 5 Â 10 À8 Torr and the GaSb coverage is 3.8 monolayers (ML). Three GaSb QD layers are deposited on each sample, samples A, B, and reference. For sample A, all three stacked QD layers are first capped by 5 nm of GaAs 0.85 Sb 0.15 and then by 5 nm of GaAs at 470 C, followed by a 50 nm GaAs spacer layer grown at 580 C. Sample B has exactly the same structure and growth conditions except that GaAs 0.85 Sb 0.15 is replaced with In 0.15 Ga 0.85 As 0.85 Sb 0.15 as a capping layer. Also, a reference sample is grown in which the QDs are capped by a 10 nm GaAs capping layer. During growth, the surface reconstruction is monitored by reflection high-energy electron diffraction (RHEED). Formation of GaSb QDs is verified by the sharp transition of the RHEED pattern from streaky to spotty. By means of atomic force microscopy, the GaSb QD density is approximately 3.2 Â 10 10 cm
À2
. The mean height is 7 6 1.4 nm and the base width is approximately 47 nm. These observations agree well with previous reports. 12 GaSb/GaAs quantum rings may form during capping process. [13] [14] [15] High angle annular dark field (HAADF) STEM incoherent imaging is well known as Z-contrast imaging, which is highly sensitive to compositional difference. To provide a detailed profile of the Sb compositional variation across the GaSb/GaAs QDs along the growth direction and to study the effect of GaAsSb and InGaAsSb, the composition of the a)
Author to whom correspondence should be addressed. Electronic mail: hej@nanoctr.cn. 1(a) and 1(b), respectively. As we can see that the Sb distribution along the growth direction in the line scans across GaSb QD in reference sample and sample A shows a interesting composition change as the probe moves from the bottom GaAs cladding layer into GaSb QDs. It is clear that the Sb distribution in reference sample has a broad peak of approximately 20 nm. This indicates the Sb segregation, diffusion, and SbAs intermixing between capping layer and GaSb QDs along the growth direction when capped directly by GaAs. On the contrary, for sample A when QD is capped by GaAsSb, the peak of Sb distribution is rather narrower, ranging over only about 13 nm. Reports of these direct quantitative experimental results have not been found in literatures previous. From the experimental results, Sb segregation and group V intermixing are greatly suppressed in GaSb/GaAs QD capped by GaAsSb and the optical properties is expected to be enhanced.
Different Sb concentration in the QDs will surely result in different optical properties. Figure 2 shows the lowtemperature PL spectra obtained from sample A at 77 K in comparison to the reference sample with an excitation wavelength of 659 nm under the pump power of 77 lW. The PL peak position of the reference sample is at 1014 nm with a full-width at half-maximum (FWHM) of 96 meV. In comparison, the emission peak for sample A is red-shifted to 1200 nm and features a peak at 921 nm attributed to the wetting layer (WL). This is consistent with previous works. 16 The possibility of emission from the capping layer is precluded by previous study of GaAsSb/GaAs QWs. 17 It is worth noting that at RT, the emission wavelength from sample A is extended to 1342 nm with a FWHM of 95 meV, as shown in inset. At the same excited pump power, we do not observe a RT PL signal from the reference sample, which implies that the GaAs 0.85 Sb 0.15 capping layer probably reduces the density of nonradiative channels as compared to a GaAs capping layer, and hence the optical properties are improved. On the other hand, the effect of capture by the GaAs 0.85 Sb 0.15 capping layer would also help to channel electrons/holes to the QD.
The introduction of a 5 nm GaAs 0.85 Sb 0.15 capping layer causes the appearance of a strong PL peak from the WL along with an extended QD emission wavelength. We believe that the suppression of Sb-As intermixing and reduction of strain in the QDs and WL play an important role in these observed results. When capped by a GaAs layer, strong intermixing occurs as shown in the TEM images. This results in decomposition of the WL, which is only 1-2 ML in the SK growth mode, and the QDs. Due to the smaller compositional gradient in comparison to that capped by GaAs, the existence of 15% Sb in the GaAs 0.85 Sb 0.15 capping layer deposited immediately following the formation of QDs significantly reduces the Sb-As intermixing at the interface of the WL and QDs. Thus, the decomposition of the WL is strongly reduced. Our finding shows the WL is better preserved, resulting in the observed appearance of strong PL peak from the WL centered at 921 nm in sample A.
Regarding strain effects, Van systematically. [16] [17] [18] [19] [20] Their calculations show that under biaxial stress for the strain range 63%, a pronounced nonlinear behavior in the transition energy between the CB and the HH/LH bands. Under hydrostatic pressure conditions, the transition energies change almost linearly over the strain range 63%. The strain effect on the band structure GaSb/ GaAs QDs can be estimated in light of the fore mentioned papers by Van de Walle et al. The lattice constant of GaAs 0.85 Sb 0.15 is larger than that of GaAs, and the lattice in the growth direction of GaSb QDs relaxes when capping by a GaAs 0.85 Sb 0.15 layer. This effect results in a partially reduced strain component along the growth direction, leading to a smaller strain-induced bandgap shift as compared to that of the GaAs-capped QDs. The reduced strain and suppressed intermixing leads to GaSb QDs with a higher Sb composition after capping with GaAs 0.85 Sb 0. 15 . This results in the observed PL red-shift in GaSb/GaAs QDs. According to Van de Walle's calculation, the transition energy between CB and the HH/LH becomes smaller when GaSb QDs are capped by GaAsSb. This is consistent with our PL experimental results. Figure 3 shows the PL spectra of sample A recorded at 77 K as a function of excitation power. The spectrum reveals a blue-shift as the pump power increases, a typical characteristic of structures with a type II band alignment. The blue shift is caused by coulomb interaction between the carriers, which induces band bending and in turn affects the carrier wavefunctions. As the hole wavefunction expands, its energy level will decrease. Owing to the smaller change of the electron energy level relative to the hole energy level, a blueshifted spectrum results. The increased wavefunction overlap between the carriers increasing the radiative transition probability. This demonstrates that GaSb QDs capped by GaAs 0.85 Sb 0.15 still exhibit type II characteristics.
To further characterize the optical properties, especially the carrier dynamics of GaSb QDs capped by a GaAs 0.85 Sb 0.15 layer, a temperature dependent PL is performed on sample A from 80 K to RT under the pump power of 77 lW, as shown in Figure 4 inset. A clear PL spectrum from the QD is observed up to RT, while that of the WL quenches at 200 K. In order to identify the mechanism of QD PL quenching, the integrated PL intensity as a function of temperature is plotted in Figure 4 . By fitting the following equation
where C is a constant, the activation energy can be calculated from temperature dependent PL measurements. For temperatures greater than 240 K, the PL integrated intensity quickly decreases, corresponding to the activation energy of the QD, i.e., 121 meV. This can be explained by the photo-generated carriers escaping from the QDs beginning at 200 K. In comparison with the thermal activation energy of type I InAs/ GaAs QDs, this larger activation energy is attributed to the stronger confinement of carriers in our GaSb/GaAs QDs. The integrated intensity also exhibits a previously unseen peak, corresponding to another activation energy. While the high temperature peak clearly belongs to the QD, the low temperature peak has several possibilities, including multiple wetting layers, 21 or the separation of the light-hole and heavy-hole bands as a result of strain effects. [22] [23] [24] As previously discussed, GaSb QDs exhibit a strong red-shift due to capped by GaAs 0.85 Sb 0.15 . To further demonstrate that the red-shift is partly caused by strain reduction, sample B is compared with sample A. As shown in Figure 5 , the PL peak of the QDs capped by the quaternary layer experiences a red-shift with respect to QDs capped by GaAs 0.85 Sb 0.15 , while maintaining the same FWHM linewidth of 95 meV. The PL peak of 831 nm is attributed to GaAs substrate. Given the similar suppression of intermixing due to the constant Sb-As ratio between the two kinds of capping layers in sample A and B, the red-shift of 72 meV for sample B is attributed to further strain reduction in the growth direction of the QDs. This can be attributed to the introduction of In, i.e., the quaternary capping layer has a relatively larger lattice constant.
In conclusion, we systematically study the capping effects of GaAsSb and InGaAsSb on the optical properties   FIG. 3 . Intensity-dependent PL spectra of GaSb QDs capped by GaAsSb. The blue-shift of the QD peak with increasing intensity is indicative of type-II QDs. The inset is the corresponding band structure. and carrier dynamics of type II GaSb/GaAs QDs by using PL spectra. Our results show that by reducing the strain in type II GaSb/GaAs QDs and suppressing the Sb-As intermixing at the interface, enhanced PL intensity and a long wavelength emission of 1.3 lm are achieved at RT. Z-contrast cross sectional transmission electron microscopy shows Sb segregation, and group V mixing are greatly suppressed by GaAsSb or InGaAsSb capping layer. By using an optimized capping layer, we believe that high performance GaAs-based GaSb QDs with extended spectral responses for solar cell can be realized. 
